Antibody engineering is performed to improve therapeutic properties by directed evolution, 12 usually by high-throughput screening of phage or yeast display libraries. Engineering 13 antibodies in mammalian cells offers advantages associated with expression in their final 14 therapeutic format (full-length glycosylated IgG), however, the inability to express large and 15 diverse libraries severely limits their potential throughput. To address this limitation, we have 16 developed homology-directed mutagenesis (HDM), a novel method which extends the concept 17 of CRISPR/Cas9-mediated homology-directed repair (HDR). HDM leverages oligonucleotides 18 with degenerate codons to generate site-directed mutagenesis libraries in mammalian cells. By 19 improving HDM efficiency (>35-fold) and combining mammalian display screening with next-20 generation sequencing (NGS), we validated this approach can be used for key applications in 21 antibody engineering at high-throughput: rational library construction, novel variant discovery, 22 affinity maturation, and deep mutational scanning (DMS). We anticipate that HDM will be a 23 valuable tool for engineering and optimizing antibodies in mammalian cells, and eventually 24 enable directed evolution of other complex proteins and cellular therapeutics.
INTRODUCTION

26
Following their initial discovery, antibody drug candidates typically require further engineering to 27 increase target affinity or improve a number of other characteristics associated with therapeutic 28 developability (e.g., immunogenicity, stability, solubility) 1 . This is independent of the original source of 5 NNK/B ssODN templates. NGS on VH genes was performed as before and similar sequencing depth 159 and quality was obtained ( Supplementary Table 1 ). Close analysis of the CDRH3 distribution revealed 160 a substantial decrease in the frequencies of overrepresented (biased) variants and the generation of a 161 more desirable uniformly diverse library. Diversity was quantified using the Hill diversity ( Fig. 2d, 
162
Equation 2) 37 , where the diversity ( α D) for each alpha value represents an equivalent library in which all 163 variants are equally present; Shannon diversity (alpha =1) and Simpson's index (alpha = 2) are widely 164 used for diversity comparisons.
165
Design, generation, and analysis of an HDM library that mimics the naïve antibody repertoire 166 While we have shown that with optimized parameters we can achieve considerable HDM efficiency, the 167 growth rate and number of mammalian cells that can be handled in a typical experiment still pose 168 challenges in achieving large library sizes (>10 5 ). With this in mind, we looked to maximize the 169 functional quality of HDM libraries through the rational selection of degenerate codons. A major 170 limitation in standard NNK/B codon schemes is the compounding probability of introducing a premature 171 stop codon as the number of degenerate codons increases (Supplementary Fig. 4a ). However, when 172 considering every possible combination of nucleotides, there exist 3,375 different degenerate codon 173 schemes. Thus, as a first approach towards optimizing ssODNs, we designed degenerate codons that 174 would most closely mimic the CDRH3 a.a. frequencies found in the antibody repertoire of murine naïve 175 B cells (433,618 unique CDHR3 sequences) 23 (Fig. 3a) . It is well established that CDRH3 libraries with 176 a more natural sequence landscape offer favorable properties (i.e., reduced immunogenicity, improved 177 protein stability and folding) 38 . Therefore, to generate the naïve repertoire optimized (NRO) library, for 178 each position the degenerate codon was selected that produced the minimal MSE value relative to the 179 naïve repertoire, while also using weights to punish degenerate codons that result in cysteines or stop (Fig. 3b) . Notably, the possibility of 183 introducing a premature stop codon or cysteine residue was eliminated while still maintaining adequate 184 levels of total diversity (Supplementary Fig. 4b ). Using another indication of sequence similarity, we 185 determined based on the Levenshtein (edit) distance that the NRO library had much higher percentage 186 of sequences with short edit distances compared to NNK/B libraries (Fig. 3c) .
187
The CDRH3 length distribution of natural antibody repertoires also represents another important aspect 188 to recapitulating functional diversity. Therefore, in order to assess the impact of CDRH3 length on HDM 189 efficiency, separate transfections of 2x10 5 cells were performed with ssODN donors containing various 190 lengths of degenerate codon regions, while keeping homology regions constant. As hypothesized, a 191 minor decrease in integration efficiency was observed as the a.a. degenerate region increases 192 ( Supplementary Fig. 5 ). This relationship between degenerate codon region length and integration 193 efficiency can be taken into consideration when building libraries that aim to resemble the natural 194 CDRH3 length distribution.
195
Next, by combining the previously acquired knowledge, an HDM library of unique CDRH3 sequences 196 was constructed by transfecting 10 7 cells with gRNA and a pool of NRO ssODNs with varying 6 degenerate codon lengths, which corresponded to CDRH3 lengths of 10, 12, 14, 15, 16, 18, 20, 22 a.a.,
198
thus mimicking the diversity and length distribution found in naïve repertoires. The ssODNs were pooled 199 to mimic the naïve repertoire length distribution at weight-adjusted ratios to account for the expected 200 decrease in integration efficiencies for longer degenerate regions. Following transfection, cells were 201 allowed to divide for >72 hours in order to reach a total cell count >10 8 cells, at which point antibody 202 expressing cells (Ab+) were labelled with biotinylated anti-IgH and isolated using magnetic assisted cell 203 sorting (MACS). NGS libraries were prepared from genomic DNA isolated from cells pre-and post-204 selection of antibody expression. Since the number of cells transfected was scaled up, NGS sequencing 205 depth was correspondingly increased to 5.1 x 10 6 and 1.4 x 10 6 reads for pre-and post-selection 206 libraries, respectively, with a ~94% alignment success (Supplementary Table 1 ). Analysis of the NGS 207 data revealed exceptional agreement between the theoretically predicted and observed a.a.
208
frequencies across all CDRH3 lengths (MSE = 2.95±1.14) ( Fig. 3b) . Furthermore, the observed CDRH3 209 length distribution recapitulated what is observed in naïve repertoires ( Fig. 3d ). There were 9.9x10 4 210 and 1.47x10 5 unique CDRH3 sequences identified in the samples pre-and post-selection of Ab+ cells, 211 respectively. A possible explanation for this inconsistency can be attributed to undersampling due to 212 genomic DNA, where copy numbers of a given sequence are expectedly low.
213
Antibody screening and affinity maturation with HDM libraries
214
The HDM library described in the previous section was next used for antibody discovery using a directed 215 evolution and high-throughput screening approach. Most recombinant antibody libraries, not derived 216 from an immunized animal, require substantially more diversity than our NRO library in PnP cells (1.47 217 x 10 5 unique CDRH3s), hence phage and yeast display are often used because of their increased 218 throughput. In order to compensate for this, we opted to screen our library against the model antigen 219 HEL; this served as a reasonable proof-of-concept because the rest of the antibody scaffold (excluding 220 CDRH3) was derived from a HEL-specific sequence (HEL23) 16 . Thus, even with a relatively small 221 library, we aimed to determine if we could discover antigen-specific variants possessing unique CDRH3 222 sequences when compared to HEL23. First, we enriched PnP cells from the library by two rounds of 223 MACS, using a biotinylated-HEL and streptavidin conjugated magnetic beads. For each round of MACS, 224 the library was expanded to a minimum of 5x10 7 cells in order to contain multiple copies per variant.
225
Following MACS, a definitive HEL-specific population was visible by flow cytometry (Fig. 4a) . A 226 subsequent two rounds of FACS enrichment were then performed, followed by a single-cell sort.
227
Antigen specificity for the monoclonal populations was verified by flow cytometry (Fig. 4a ) and ELISA 228 ( Supplementary Fig. 6 ). Genotyping identified a novel clone (HEL24), which had a unique and longer 229 CDRH3 sequence when compared to the original HEL23 (Levenshtein distance = 8) ( Fig. 4d) .
230
In addition to novel antibody discovery, directed evolution for affinity maturation is also an important 231 step to engineering antibodies. Thus, we also aimed to demonstrate that HDM could be used to improve 232 antibody affinity towards existing antigen-binding clones. To increase the affinity of the previously known 233 HEL23 and newly discovered HEL24 clones, saturation mutagenesis libraries were generated along 234 the CDRH3: HDM was performed with a pool of ssODNs with a single NNK codon tiled across CDRH3 235 (Fig 4b) . Higher affinity variants were then enriched by FACS, where antibody avidity was normalized 7 by simultaneous labelling for IgG surface expression ( Fig. 4c) . Following 1-2 rounds of FACS 237 enrichment, monoclonal populations were isolated and characterized. PnP cells have the advantage of 238 simultaneously surface expressing and secreting IgG 16 , therefore ELISAs were performed on these 239 variants to confirm that they had similar or improved antigen affinity ( Supplementary Fig. 6 ).
240
Antigen specificity-sequence landscapes uncovered by HDM-mediated DMS
241
DMS is a new method in protein engineering, which combines directed evolution with NGS to assess 242 the functional impact of mutations across the protein sequence landscape 39, 40 . In a typical DMS 243 experiment with antibodies, saturation mutagenesis is performed on a single position at a time, followed 244 by screening for functional antibody expression, and then again for antigen binding (Supplementary 245 Fig. 7) . NGS is performed along the various screening and selection steps, thus providing substantial 246 insight into sequence-specificity relationships. Because of the need for large libraries and high-247 throughput screening, DMS has most often been performed using phage or yeast display systems. With 248 the ability to generate and screen libraries in our mammalian display system, we therefore aimed to 249 perform DMS on our HEL23 and HEL24 binding variants. We generated HDM single-position saturation 250 libraries of CDRH1, CDRH2, and CDRH3 (pooled ssODNs for each CDR, separate transfection for 251 each CDR). Each CDR library was then first selected on the basis of antibody expression and then 252 screened for variants that retained binding to antigen. We extracted genomic DNA and NGS was 253 performed on the VH genes of antibody expressing cells at both pre-and post-antigen selection.
254
Sequencing depth of all libraries ranged from ~215,000 -890,000 reads, with an alignment success of 255 >90% ( Supplementary Table 3 ). NGS data was analyzed by determining the enrichment ratio (ER) of 256 each mutant, which was calculated by examining the clonal frequencies between the pre-and post- . This is likely due to availability and abundance of Cas9 protein already localized within the nucleus 276 at the time ssODN donors become available for DNA repair. We also resolved the optimal homology 277 arm length, which unexpectedly did not correspond to the longest ssODN tested (200 nt), but rather to 278 an intermediate ssODN length of 120 nt. The precise reason why such a decrease in integration occurs 279 for longer ssODN donors is not known, but it is hypothesized that longer ssODNs are less accessible, 280 or may even interfere with DNA repair proteins 26 and could also be attributed to a decrease in 281 transfection efficiency. We also determined that chemical modification of the 5' and 3' ends of ssODNs 282 with PS bonds led to higher HDR, most likely because they have additional stability and nuclease 283 resistance. Since several studies have recently shown that inhibition of the NHEJ pathway regulator 284 53BP1 can improve HDR, we also knocked out 53BP1 and saw an additional improvement in HDR,
285
reaching a maximum in this study of ~36% ( Fig. 1d) . In the future, it may be possible to further improve 286 HDR by incorporating additional techniques such as the use of chemically modified gRNAs 41 and 287 suppression of other NHEJ molecules (e.g., KU70 and DNA ligase IV) 42 , or by exploiting newly 288 engineered variants of Cas9 or other programmable nucleases (e.g., Cpf1) 43,44 .
289
With parameters optimized for HDR, we next constructed initial HDM libraries targeting CDRH3 through 290 the incorporation of degenerate codons (NNK and NNB) present between the homology arms of the 291 ssODN donors. Following HDM and NGS analysis, we were able to quantitatively elucidate that the a.a.
292
frequencies present in genomic libraries were almost exactly what would have been predicted based 293 on the degenerate codon scheme (Fig 2a) . This implies that ssODN sequences that had additional 294 homology through similarity with the original CDRH3 were not selectively integrated at higher 295 frequencies, suggesting that HDM is unbiased. NGS analysis did however reveal that repair of double-296 stranded breaks via the NHEJ/MMEJ pathways occurred in a non-random manner, resulting in several 297 highly abundant variants that were disproportionately present in the library (Fig. 2c) . This phenomenon 298 of Cas9 repair bias has been reported previously 36 . While the possibility to use the error-prone NHEJ 299 mechanism to introduce additional mutagenesis in our library could be considered a benefit, as it has 300 even been used for discovering novel variants of cell signaling pathways 45 and dissecting enhancer 301 regions 46 ; in the context of antibody engineering, the presence of highly redundant variants would have 302 a detrimental effect on library distribution and screening 47 . Therefore, we reduced the propensity of 303 these events by using a 'frameshift-stop' gRNA target sequence, where following Cas9-cleavage,
304
NHEJ/MMEJ events that would normally result in in-frame antibody sequences instead resulted in 305 antibody sequences with premature stop codons (Fig. 2b,c) . HDM libraries constructed using this 306 frameshift-stop gRNA sequence (PnP-HEL23.FS cells) showed a much more uniform distribution, thus 307 greatly reducing overrepresented variants ( Fig. 2d) . We expect that any future studies that aim to 308 engineer antibodies (or other proteins) in mammalian cells will benefit from careful design of gRNA 309 sequences to ensure that NHEJ/MMEJ-biased repair does not compromise library distribution.
310
Even with the improved HDM efficiencies observed here, our mammalian cell libraries (10 5 ) are still 311 substantially smaller relative to what can be routinely achieved in phage (>10 10 ) and yeast (>10 7 ) 2 .
312
While scale-up can partially compensate for this ( Supplementary Fig. 3) , the slower growth rate and 313 throughput associated with mammalian cell culture necessitates a strategy to maximize the functional 314 quality of libraries. To this end, we designed ssODNs by rationally selecting degenerate codon schemes 9 to mimic the a.a. frequencies of a particular diversity space, in this instance the naïve repertoire of mice.
316
Although there are other approaches to build genetic diversity which very closely recapitulate the a.a.
317
frequencies of a given repertoire (e.g., trinucleotide phosphoramidate-based oligonucleotide 318 synthesis) 48-51 , these methods are expensive and require sophisticated gene assembly and cloning 319 strategies. In contrast, HDM relies on commercially synthesizable degenerate codon schemes and 320 requires no gene assembly or cloning, thus representing substantial savings in time, effort, and cost for 321 library generation. Furthermore, we have shown that when compared to standard NNK and NNB 322 degenerate codon schemes, the rationally selected codon schemes of ssODNs were able to more 323 closely resemble the a.a. frequencies of the mouse naïve repertoire (Fig. 3a,b) . To generate the NRO 324 library, we used a very minimal approach of a single degenerate codon ssODN (per CDRH3 length), 325 however with advances in the large-scale synthesis of oligonucleotide arrays 52 , ssODN pools of custom 326 defined sequences could be included to generate more precise HDM libraries.
327
Next, we constructed a larger library, based primarily on increasing the number of cells transfected.
328
Following HDM and NGS analysis, we identified that there was a minimum of 1.47x10 5 variants (unique 329 CDRH3 a.a. sequences). Due to the fact that samples were prepared for NGS from genomic DNA with 330 low copy numbers per variant, we believe the library size generated was actually in the range of 5x10 5 331 variants according to live cell counts post-transfection and flow cytometry data. Subjecting the library 332 to antigen selection by MACS and FACS resulted in the discovery of a novel CDRH3 sequence 333 (HEL24), which had a different length and large edit distance from the original sequence (HEL23). While 334 our mammalian cell screening was successful at identifying a single new antigen-specific CDRH3 335 variant, we understand that such an approach is not in itself competitive with more robust synthetic 336 antibody libraries screened by phage and yeast display, which often recover panels of unique CDRH3 337 clones 3,32,33,53 . This is most assuredly due to lower library size and diversity in our mammalian system.
338
Thus, we don't envision our approach will have a major role in the discovery of novel antibody clones, 339 but rather we expect the main application will for engineering and optimizing antibodies, starting from a 340 suitable lead candidate (which can be from in vivo selection or phage and yeast display screening). To 341 this end, we showed that by pooling ssODNs with degenerate codons tiled along the CDRH3, that HDM 342 could be used to rapidly engineer our "lead candidate" HEL23 and HEL24 antibodies for higher affinity 343 ( Fig. 4c,d, Supplementary Fig. 6 ).
344
One of the most exciting applications of HDM is the ease at which we can perform DMS, a new By accounting for differences in integration efficiencies (Supplementary Fig. 5 ), ssODNs of various 719 lengths were pooled at varying ratios to mimic the length distribution of the naïve antibody repertoire. (Supplementary Fig. 6 ). (Supplementary Fig. 7, Supplementary Table 3 ). Clonal (CDRH3) frequencies of repertoire. The NRO scheme has a higher percentage of CDRH3 sequences with shorter edit distances indicating a higher degree of overall sequence similarity with the naïve repertoire. d, Results from NGS data displays the ability to control the CDRH3 length distribution of the HDM library from a single transfection. By accounting for differences in integration efficiencies (Supplementary Fig. 5) , ssODNs of various lengths were pooled at varying ratios to mimic the length distribution of the naïve antibody repertoire. (Supplementary Fig. 6 ).
Fig. 5: Determining antigen-specificity sequence landscapes by deep mutational scanning (DMS)
Heat maps and their corresponding sequence logo plots from the results of DMS of all variable heavy chain CDRs in both the HEL23 (a) and HEL24 (b) variants reveals positional variance for antigen-binding is clone specific.
Libraries of single point-mutations across all heavy chain CDRs were integrated into hybridomas by HDM. NGS was then performed on libraries pre-and post-screening for antigen specificity (Supplementary Fig. 7 , Supplementary Table 3 ). Clonal (CDRH3) frequencies of variants post-screening were divided by clonal frequencies of variants pre-screening to calculate enrichment ratios (ERs). Sequence logo plots are generated by normalizing all variants with an ER > 1 (or log[ER] > 0).
